In Drosophila induction of the homeobox gene tinman and subsequent heart formation are dependent on dpp signaling from overlying ectoderm. In order to define vertebrate heart-inducing signals we screened for dpp-homologues expressed in HH stage 4 chicken embryos. The majority of transcripts were found to be BMP-2 among several other members of the BMP family. From embryonic HH stage 4 onwards cardiogenic mesoderm appeared to be in close contact to BMP-2 expressing cells which initially were present in lateral mesoderm and subsequently after headfold formation in the pharyngeal endoderm. In order to assess the role of BMP-2 for heart formation, gastrulating chick embryos in New culture were implanted with BMP-2 producing cells. BMP-2 implantation resulted in ectopic cardiac mesoderm specification. BMP-2 was able to induce Nkx2-5 expression ectopically within the anterior head domain, while GATA-4 was also induced more caudally. Cardiogenic induction by BMP-2, however remained incomplete, since neither Nkx2-8 nor the cardiacrestricted structural gene VMHC-1 became ectopically induced. BMP-2 expressing cells implanted adjacent to paraxial mesoderm resulted in impaired somite formation and blocked the expression of marker genes, such as paraxis, Pax-3, and the forkhead gene cFKH-1. These results suggest that BMP-2 is part of the complex of cardiogenic signals and is involved in the patterning of early mesoderm similar to the role of dpp in Drosophila.
Introduction
Vertebrate cardiac organogenesis depends on multiple developmental steps including cardiac induction, cardiomyogenic differentiation, and promotion of cellular architecture which results in the acquisition of form and contractile function (Nascone and Mercola, 1996; Olson and Srivastava, 1996) At early gastrulation in the chick, corresponding to HH (Hamburger and Hamilton) stage 3 (Hamburger and Hamilton, 1951) , precursors of the pericardial, myocardial and endocardial lineages are co-localised in the rostral half of the primitive streak (Garcia-Martinez and Schoenwolf, 1993) . By HH stage 4 cardiogenic mesoderm has left the streak and moves in antero-lateral direction forming two bilateral heart forming regions on either side of the forming head process at HH stage 5 (DeHaan, 1965a) . By HH stage 6 myocardial precursors move into the region of the anterior intestinal portal (AIP). At this stage the cardiogenic mesoderm begins to express heart-restricted transcription factors, such as the genes of the Nkx, GATA, and MEF-2 families (Lints et al., 1993; Edmondson et al., 1994; Schultheiss et al., 1995; Jiang and Evans, 1996) . By HH stage 7 the precardiac mesoderm has formed a crescent of cardiogenic material in the midregion of the cephalic portion of the splanchnic mesoderm. At this time myocardial precursors start to express markers of terminal differentiation such as cardiac troponin, actin, and myosin (Bisaha and Bader, 1991; Sugi and Lough, 1992; Logan and Mohun, 1993; Drysdale et al., 1994) . The organization of these proteins into distinct sarcomeric arrays within myofibrils is a prerequisite for the onset of heartbeat at HH stage 10 of chick development.
The timing of cardiac myocyte specification has been experimentally addressed in amphibians and birds, and recently also in mammals. In several urodele species explants from neurula and later stages will differentiate into beating cardiac muscle in culture while in Xenopus specification of myocardial tissue occurs much earlier and cells are specified already by mid-gastrula stage (Sater and Jacobson, 1989) . Similarly, in chicken single cells taken from HH stage 3 (early gastrula) embryos are unable to differentiate into cardiac muscle, whereas cells grown at clonal density from the cardiogenic region at HH stage 4-5 will differentiate into cardiac myocytes (Gonzalez-Sanchez and Bader, 1990; Montgomery et al., 1994) , suggesting that cardiac muscle induction occurs during gastrulation like in Xenopus (Gonzalez-Sanchez and Bader, 1990; Antin et al., 1994; Montgomery et al., 1994; Gannon and Bader, 1995) . Transplantation studies in mouse have shown that gastrulation is not a prerequisite of cardiac specification but is required for the allocation of mesoderm to the anterolateral position where it receives the necessary inductive signals (Tam et al., 1997) .
From classical embryological studies it is known that interaction of the precardiac mesoderm with anterior endoderm as well as signals from the organizer region are instrumental for the initiation and maintenance of myocardial differentiation (Jacobson and Sater, 1988; Sater and Jacobson, 1990; Sugi and Lough, 1994; Nascone and Mercola, 1995; Schultheiss et al., 1995) . In both, amphibians and birds the presumptive heart mesoderm lies in close contact to the pharyngeal endoderm from the time of gastrulation until terminal differentiation (DeHaan, 1965b) . The cardiacinducing capacity of anterior endoderm was best demonstrated by its ability to induce heart tissue in mesoderm that is not normally fated to become heart (Schultheiss et al., 1995) . Similar results were obtained in Xenopus where dorso-anterior endoderm could induce beating heart tissue in ventral mesoderm explants (Nascone and Mercola, 1995) , and in mouse where postgastrula posterior mesoderm was respecified after transplantation into an antero-lateral compartment (Tam et al., 1997) . Several members of the TGF-b superfamily such as TGF-b, activin, and BMP-2 and -4 have been shown to promote cardiac differentiation in vertebrate models of cardiac differentiation (Muslin and Williams, 1991; Johansson and Wiles, 1995; Schultheiss et al., 1997; Yatskievych et al., 1997) . In Drosophila the heart is derived from the dorsal-most mesoderm and heart formation requires the expression of the homeobox gene tinman (Bodmer, 1993 (Bodmer, , 1995 . Recent studies in the fly have shown that cardiac expression of tinman is dependent on the presence of decapentaplegic (dpp) in the overlying ectoderm (Frasch, 1995) . Ectopic dpp in more ventral regions is able to induce expansion of tinman expression, however dpp is not sufficient to support ectopic heart formation (Frasch, 1995) .
Many developmental processes are conserved between Drosophila and vertebrates, therefore we determined whether TGF-b family members might regulate cardiac development in vertebrates. Using RT-PCR and wholemount in situ hybridization we demonstrate that BMP-2 is expressed in mesoderm lateral to the heart forming field and subsequently in pharyngeal endoderm in direct contact with cardiogenic mesoderm. Implantation of quail cells overexpressing BMP-2 into antero-lateral mesoderm of HH stage 4 embryos resulted in ectopic Nkx2-5 and GATA-4 expression. Ectopic Nkx2-5 induction was confined to a region in close proximity to the actual heart forming region. In contrast, GATA-4 was also induced in a more caudal position. Thus, the two cardiac lineage markers seem to differ in their response to the inducing signals. However, other cardiac transcription factors, such as Nkx2-8 or structural proteins, such as VMHC-1, were not induced by BMP-2 suggesting that additional signals might be required for full cardiogenic induction. We also found that BMP-2 interfered with somite development. Paraxial mesoderm adjacent to BMP-2 producing cells was unable to form epithelium. Moreover, several marker genes for paraxial mesoderm, such as paraxis, Pax-3, and cFKH-1 were not expressed under the influence of BMP-2. In conclusion, BMP-2 in vertebrates is important for heart formation, similar to dpp in Drosophila, but strongly interferes with dorsal mesoderm differentiation. Similar data have been reported recently by others (Schultheiss et al., 1997; Tonegawa et al., 1997) .
Results

Identification of members of the BMP family in gastrulating chick embryos
In order to search for vertebrate dpp homologues expressed in the cardiogenic region we screened cDNA from the anterior half of HH stage 4 and 5 chicken embryos with RT-PCR using appropriate primers from conserved regions. Sequencing of PCR products revealed that several BMPs were expressed in the anterior half. The majority of fragments (Ͼ50%) were identified as BMP-2. In addition, the chicken homologues of BMP-4, BMP-5, cVg1, BMP-7, and a novel BMP-6 related cDNA (data not shown) were identified. Whole mount in situ hybridization using the various isolated BMP probes revealed strong hybridization signals in gastrula stage embryos only for BMP-2. With the focus on early heart development we studied the expression pattern of BMP-2 in further detail.
Expression pattern of BMP-2 during early stages of cardiac development
By RT-PCR BMP-2 expression was detectable already at HH stage 1 suggesting that similar to Xenopus, BMP-2 is likely to be expressed maternally (data not shown) (Clement et al., 1995) . Using whole mount in situ hybridization the earliest expression of BMP-2 was found at HH stage 3 in the posterior primitive streak (data not shown). At HH stage 4− cells expressing BMP-2 were seen in the lateral mesoderm in addition to labeled cells within the primitive streak (Fig.  1A) . After the streak has fully formed at HH stage 4 primitive streak cells were labeled in an antero-posterior gradient, with stronger expression in the posterior primitive streak (Fig. 1B) . BMP-2 remained expressed in the primitive streak until HH stage 8. In addition, BMP-2 was expressed at HH stage 4-5 in two prominent bilateral areas within the antero-lateral mesoderm (Fig. 1B,G) . According to the classical fate-map BMP-2 expression at this stage appeared to be adjacent to the actual heart forming areas (DeHaan, 1965b; Rosenquist and DeHaan, 1966; Rosenquist, 1970) . At HH stage 7, BMP-2 was expressed in pharyngeal endoderm in direct contact with the precardiac mesoderm that has entered the head fold (Fig. 1C,H) . BMP-2 expression in the streak retracted considerably from stage 5 onwards and eventually disappeared at HH stage 8 (Fig. 1C,D) . At HH stages 8 and 9, the pharyngeal floor strongly expressed BMP-2 as well as the presumptive foregut endoderm which is in direct contact with precardiac mesoderm (Fig.  1D ,E,I,J). Some weak expression was observed within the precardiac mesoderm itself. After fusion of the bilateral cardiac anlagen, cardiac mesoderm no longer expressed BMP-2 (Fig. 1I,J) . After heart looping has started at HH stage 11 expression was lost from the foregut and only remained expressed in endoderm within the area of the vitelline vein (Fig. 1F ). This expression pattern suggests that during early heart formation BMP-2 is present in close contact with precardiac mesoderm. BMP-2 is first expressed in antero-lateral mesoderm adjacent to the heart forming region and subsequently in foregut endoderm which has previously been shown to be important for cardiac organogenesis (Jacobson and Sater, 1988) .
Implantation of BMP-2 expressing cells in lateral mesoderm causes abnormal morphogenesis
In order to evaluate the functional role of BMP-2 in heart development we performed experiments in which BMP-2 secreting cells were implanted within the heart forming area or at varying distances posterior to the prospective cardiogenic field. As a control we used cells expressing BMP-2 in antisense orientation on the contralateral side (AS; Fig. 2 ). BMP-2 implantation resulted in a variety of morphological effects. When the BMP-2 implant was close to the neural plate it prevented neural tube closure. BMP-2 also seemed to affect the notochord, as it was often kinked away from the BMP-2 implant but not from the antisense implant. Within the heart area presumptive myocardial tissue responded with growth toward the BMP-2 implant ( Fig. 2A,C) . When BMP-2 cells were placed close to paraxial mesoderm somite formation was inhibited ( Fig. 2A-D) . In the most severe conditions BMP-2 prevented somite epithelialization completely on the side of implantation but not at the contralateral side across the midline or when control cells were implanted (Figs 2, and 5).
BMP-2 induces cardiac lineage markers Nkx2-5 and GATA-4 in ectopic locations
In order to evaluate the effects in more detail we studied the expression of the cardiac lineage markers Nkx2-5, GATA-4, Nkx2-8, and the myocardial structural gene VMHC-1 in response to implantation of BMP-2 expressing cells. Both Nkx2-5 and GATA-4 genes are induced in precardiac mesoderm immediately after specification at HH stage 5 and thus are excellent lineage markers for early cardiac mesoderm (Laverriere et al., 1994; Schultheiss et al., 1995) . Both genes were ectopically activated in cells directly contacting the BMP-2 implant, while no induction was observed in response to control implants (Figs. 3 and 4, Table 1 ). No cardiac lineage markers were expressed in the BMP-2 expressing quail fibroblast cell line. Endogenous GATA-4 and Nkx2-5 expression within myocardial cells was also enhanced by neighboring BMP-2 expressing cells (Figs. 3A and 4A). Interestingly, ectopic induction of Nkx2-5 was observed in cells derived from all three germ layers ( Fig. 3) . In some cases implantation of BMP-2 expressing cells within the heart field resulted in the formation of ectopic tubular heart-like structures (Fig. 3H ). Implants which were placed outside the heart field resulted in Nkx2-5 and GATA-4 expression only anterior to the implant but not posterior (Figs. 3A,C and 4B). Ectopic expression of both Nkx2-5 and GATA-4 was maintained at least until HH stage 11. Nkx2-5 and GATA-4 differed in their caudal extent of ectopic induction (Fig. 4) . No ectopic induction was observed when BMP-2 cells were implanted in the posterior half of the embryo. We also tested whether other lineage restricted genes were ectopically induced by BMP-2. Nkx2-8 is a cardiac NK homeobox gene which is first expressed in pharyngeal endoderm, and subsequently at HH stage 8 in the cardiac mesoderm . In contrast to Nkx2-5 and GATA-4 however, Nkx2-8 was not induced by BMP-2 suggesting a different induction mode for this cardiac transcription factor (data not shown) ( Table  1) . Expression of the structural gene VMHC-1 was also not induced by BMP-2 implantation (data not shown). Thus, both in Drosophila and in vertebrates dpp and BMP-2, respectively are able to induce cardiac lineage markers, however, this signal seems not sufficient to induce terminal myocardial differentiation.
BMP-2 interferes with paraxial mesoderm differentiation
In many implantation experiments we noted interference with somite formation. We therefore studied the expression of several marker genes implicated in early differentiation of paraxial mesoderm. For these experiments we implanted HH stage 5-6 embryos with BMP-2 expressing cells close to the presumptive paraxial mesoderm (Fig. 2) . Paraxis is a helix-loop-helix protein which is induced in paraxial mesoderm shortly before somite formation and is expressed at high levels in newly formed somites (Sosic et al., 1997) . In the presence of BMP-2 cells which were implanted close to the paraxial mesoderm, paraxis expression was blocked (Fig. 5 , Table 1 ). The blockade was confined to an area of approximately 6-8 somites abutting the implantation side, but paraxial mesoderm anterior and posterior to the site of implantation was competent to express paraxis. The suppressive activity of BMP-2 also did not cross the midline, since contralateral somites were unaffected (Figs. 2 and 5 ). Similar inhibition was observed for Pax-3 which is expressed both in the dorsal part of epithelial somites as well as in the dorsal half of the neural tube (Williams and Ordahl, 1994) . BMP-2 implantation only inhibited Pax-3 expression in the epithelialized somites, while neural tube expression was unaffected (Fig. 5) . Similarly, we observed that BMP-2 interfered with the upregulation of a recently isolated forkhead gene, cFKH-1, which is expressed both in non-segmented paraxial mesoderm as well as in newly formed somites (Buchberger et al., unpublished data; Fig. 5 ). Thus, BMP-2 prevents expression of several marker genes which are characteristic of differentiated paraxial mesoderm, and interferes with somite formation.
Discussion
The BMP-2 expression pattern suggests a role during early heart development
In this paper we show that both the expression pattern of BMP-2 and its ability to activate cardiac lineage markers at ectopic position strongly suggest an important role of this signaling molecule for cardiac specification. Many recent studies have provided evidence that signaling cascades involved in cell type specification are conserved between insects and vertebrates. Expression of the cardiac lineage marker tinman in cardiogenic mesoderm of Drosophila embryos is dependent on direct contact with ectoderm expressing dpp (Frasch, 1995) . In avian embryos we found that the majority of BMP peptides present at the time of heart specification were BMP-2. Moreover the expression pattern of BMP-2 appeared compatible with an important role of this peptide during early cardiac organogenesis. Explant studies suggested that in most species cardiac mesoderm is specified at midgastrula (Jacobson and Sater, 1988; Gonzalez-Sanchez and Bader, 1990; Antin et al., 1994; Nascone and Mercola, 1995; Schultheiss et al., 1995; Tam et al., 1997) . In chicken the cardiogenic mesoderm seems to be in direct contact with BMP-2 expressing domains from HH stage 4 onwards, when BMP-2 is first expressed in mesoderm adjacent to the heart forming areas and after headfold formation within pharyngeal endoderm. This regional expression of BMP-2 is conserved in Xenopus, chicken, and mouse embryos (Clement et al., 1995; Zhang and Bradley, 1996) . Other BMPs have been identified in the vicinity of the heart forming region including BMP-4 and BMP-7 (Schultheiss et al., 1997) . During early stages of development their expression is confined to the ectoderm which has not been implicated in cardiac induction in classical embryological studies (DeHaan, 1965b; Jacobson and Sater, 1988) . BMP-4 and to a lesser extent also BMP-7 are able to induce cardiac differentiation in explant culture (Schultheiss et al., 1997) . Thus besides BMP-2 several other BMPs are able to induce cardiac differentiation. Moreover it has been shown that heterodimers of BMP-2, BMP-4 and BMP-7 might result in the formation of more potent inducing factors (Suzuki et al., 1997) .
BMP-2 can induce ectopic expression of early myocardial genes
Implantation of BMP-2 expressing cells into anterior positions of cultured avian embryos induced ectopic expression of the cell lineage markers Nkx2-5 and GATA-4 in all three germ layers of the embryo. In some cases tubular heart-like structures which included the ectopic formation of endocardium were induced. However, implantation into caudal positions were not successful in activating these genes. This suggests that within a limited competence field BMP-2 is able to at least partially implement the cardiogenic phenotype. However, no complete differentiation of myocardiocytes could be achieved; neither Nkx2-8 nor VMHC-1 gene expression was ectopically induced suggesting that additional signals or morphogenetic events are required for the upregulation of these particular genes. These experiments also show that the expression of In the head BMP-2 starts to become concentrated within the pharyngeal floor. (E) HH stage 9 embryo. BMP-2 is now present in the pharyngeal floor and is highly expressed in the endoderm connecting the two unfused wings of cardiogenic mesoderm. Endoderm beneath the cardiogenic mesoderm is also strongly labeled. (F) HH stage 11 embryo. BMP-2 expression is lost from pharyngeal endoderm. Some expression is retained in the endoderm beneath the vitelline veins. Bars in B, C, and E depicts planes of transverse sections of whole mounted embryos shown in the respective panels (G-J). (G) HH stage 4 embryo BMP-2 expression is present in the most lateral mesoderm of the embryo. (H) HH stage 7 embryo. Section through the headfold showing BMP-2 expression in presumptive foregut endoderm while ectoderm and mesoderm are unlabeled. (I) HH stage 9 embryo. Section through the head displaying strong BMP-2 expression in the central pharyngeal floor, and weak labeling in the promyocardium. Some weak labeling was observed within the mesoderm. The endoderm appears very broad in this section due to the plane of sectioning. (J) HH stage 9 embryo. Section through the unfused wings of cardiogenic mesoderm displaying strong labeling of the endoderm which is in direct contact with the cardiogenic mesoderm. coe, coelom; ect, ectoderm; end, endoderm; fg, foregut; mes, mesoderm; nc, notochord; nt, neural tube; pmc, promyocardium.
GATA-4 and Nkx2-5 are not sufficient to produce cardiac tissue, in accordance with mouse gene knockouts of Nkx2-5 and GATA-4 which display normal cytodifferentiation (Lyons et al., 1995; Kuo et al., 1997; Molkentin et al., 1997) and data in Drosophila where tinman lacks the ability to induce ectopic dorsal vessel formation (Frasch, 1995) . In explant cultures the inclusion of axial structures including neural plate and notochord resulted in the repression of myocardial gene expression upon stimulation by BMP-2 (Schultheiss et al., 1997) . Thus in our implantation experiments limited ectopic myocardial differentiation might be also the result of repressive influences of neighboring tissues.
At present we are unable to decide whether the ectopic activation of Nkx2-5, or GATA-4 is the result of the recruitment of precardiac mesoderm to its ectopic location by the BMP-2 implant or whether mesoderm which surrounds the implant is respecified. Based on the observation that both surface ectoderm and foregut endoderm was competent to ectopically upregulate Nkx2-5 in response to BMP-2 we would suggest that indeed induction rather than recruitment is more likely the mechanism of ectopic gene activation.
BMP-2 might demarcate the definitive cardiac fate within the larger heart field
The heart field is the region of the embryonic mesoderm that contains the cardiac progenitors. Characteristically the heart field is larger than the area which is normally fated to form the definitive organ (Jacobson and Sater, 1988) . This difference becomes especially obvious after experimental removal of the normal heart forming region when adjacent mesoderm is competent to substitute (Copenhaver, 1939) . BMP-2 may mediate the restriction of the heart field to the region which normally forms the heart. The expression pattern of BMP-2 is actually compatible with this potential function: BMP-2 expression at HH stage 4 is broad and becomes highly restricted to the actual heart forming field at HH stages 5 and 6. BMP-2 expression thereafter is successively lost from pharyngeal endoderm where it contacts already differentiated myocardium. In contrast endoderm contacting undifferentiated cardiogenic mesoderm still expresses BMP-2. Thus, undifferentiated cardiogenic mesoderm might need to stay in close contact to endoderm expressing BMP-2 in order to differentiate into cardiac muscle. Indeed the BMP binding protein noggin prevents myocardial differentiation in explant cultures of antero-lateral mesendoderm which is already specified to undergo heart formation (Schultheiss et al., 1997) . The embryo has received both a BMP-2 (arrow) and a control cell implant (arrowhead) which were placed adjacent to the paraxial mesoderm. Note the loss of caudal somites on the side of the BMP-2 cell implant, while control cells on the contralateral side have no effect on somitogenesis. Note the kink in the notochord. (C) The BMP-2 implant is caudal of the myocardium. Note that only minute cell condensations are visible adjacent to the BMP-2 implant (arrowheads). (D) High power view of the trunk of an operated embryo demonstrating loss of somite epithelialization and of segmental plate formation adjacent to BMP-2 implant (arrowheads). Asterisk demarcates site of BMP-2 cell implant, + demarcates site of control cell implant.
The phenotype of the BMP-2 knockout mouse apparently does not support the concept that BMP-2 is necessary for heart formation. The null mouse showed a severe myocardial phenotype with exocoelomic positioning of the heart tube, however, myocardial cytodifferentiation including expression of Nkx2-5 was normal and only in a small number of embryos was no heart formed (Zhang and Bradley, 1996) . Potentially other BMPs, such as BMP-4 and -7 may be able to substitute for BMP-2 in the null mouse. This assumption appears supported by the recent finding that both in cultured chicken embryos and in explant cultures BMP-4 and to some extent also BMP-7 was able to upregulate myocardial lineage markers (Schultheiss et al., 1997) . Alternatively, cardiac induction might be rescued by maternally derived BMP-2 in the mouse mutants. In Xenopus a maternal BMP-2 mRNA was identified (Clement et al., Ectopic tubular heart formation (arrowheads) including formation of endocardial tissue within the foregut in close proximity to the BMP-2 cell implant. Asterisk demarcates site of BMP-2 cell implant. ec, endocard; ect, ectoderm; end, endoderm; fg, foregut; ht, heart; mes, mesoderm; mc, ectopic myocard; nc, notochord; nt, neural tube; pmc, promyocardium.
1995) and we have found in this study that chicken embryos express BMP-2 as early as HH stage 1. In mammals transplacental delivery of BMP-2 remains a formal possibility as demonstrated for a related superfamily member (Letterio et al., 1994) .
Cardiac competence factors
Classical and more recent studies suggested that anteriorlateral endoderm is the source of the myocardial inducer (DeHaan, 1965b; Nascone and Mercola, 1995; Schultheiss et al., 1995) . Schultheiss and Lassar demonstrated that antero-lateral endoderm is able to respecify the fate of posterior mesoderm resulting in differentiation into beating cardiac muscle (Schultheiss et al., 1995) . Our implantations revealed an antero-posterior gradient of competence for ectopic cardiac gene activation which gradually decreased caudally. The heart forming area is surrounded by the larger competence field. We find ectopic activation of lineage marker GATA-4 at considerable distance from the actual heart forming region, suggesting that the competence field extends more caudally as has been previously proposed (Schultheiss et al., 1997) . BMP-2 was unable to activate myocardial gene expression within the posterior compartment. This is consistent with the fact that BMP-2 is already highly expressed in the posterior region between HH stages 3 and 8 without inducing cardiogenesis. Thus, additional signals may be produced by the anterior endoderm which makes antero-lateral mesoderm competent to form myocardial tissue in response to BMP-2. Alternatively, a cardiac repressor may be produced which prevents the upregulation of cardiac genes outside the cardiac field.
BMP signals are mediated by a heteromeric complex of type I and type II serine-threonine kinase receptors (Brand and Schneider, 1996) . At least three type II and four type I receptors are able to bind BMP-2 (Rosenzweig et al., 1995; Yamashita et al., 1995; Brand and Schneider, 1996; Hoodless et al., 1996) . Screening of a cDNA pool of the anterior half of HH stage 4-5 chick embryos revealed that predominantly the type II receptors ActRIIA and ActRIIB are expressed at the time of cardiac specification. Preliminary analysis of the expression pattern of ActRIIA revealed that this gene is expressed within the heart forming area and therefore might mediate signal transduction of BMP-2 and at the same time might limit ectopic induction of cardiac lineage markers (Vorbusch et al., unpublished observation; Stern et al., 1995) . Interestingly, the knockout mutation of one of the BMP-2 type I receptors, the BMP type IA receptor, displayed early lethality due to the lack of mesoderm formation and teratomas derived from homozygous ES cells did not form myocardial tissue (Mishina et al., 1995) . A detailed analysis of the expression pattern of the known type I and type II receptors is needed to identify the receptors mediating the cardiogenic BMP-2 signal. Recently it has been reported that BMP-2, in combination with FGF-4 can induce cardiac differentiation in cultured HH stage 6 chick posterior lateral plate tissue. However, neither factor alone was able to induce myocardial differentiation (Lough et al., 1996) . This finding is difficult to interpret in light of the fact that BMP-2 is already present in the posterior compartment (this study). Thus, at least in explant culture, FGF-4 is able to synergize with endogenous BMP-2 to induce myocardial gene expression. Inhibition of FGF by means of a neutralizing antibody prevents cardiac differentiation suggesting that FGF is important for cardiac mesoderm specification (Gordon-Thomson and Fabian, 1994) . Another class of signaling molecules which have been shown to have cardiac-inducing activity is the wnt family. In Drosophila wingless acts in concert with dpp to induce dorsal vessel formation (Wu et al., 1995; Park et al., 1996) . In the quail cell line QCE-6 antisense expression of wnt-11 prevents myocardial differentiation supporting a role of the wnt pathway in vertebrates (Eisenberg et al., 1997) . In addition to anterior endoderm a signal derived from the organizer region has been postulated to be important for heart specification (Sater and Jacobson, 1990; Nascone and Mercola, 1995) . Cerberus, a organizer-derived secreted molecule identified in Xenopus is able to induce a secondary heart among other tissues (Bouwmeester et al., 1996) . The competence to form myocardial tissue in the antero-lateral mesoderm may be mediated by a yet unidentified transcription factor. In neural crest cells, for example, the helix-loop-helix protein MASH-1 was identified as the competence factor for BMP-2-induced autonomic neuronal differentiation (Lo et al., 1997) .
Ectopic induction of both Nkx2-5 and GATA-4 were observed only in cells which were in direct contact with the BMP-2 implant. This may indicate that high concentra- tions of BMP-2 are needed for Nkx2-5 and GATA-4 induction, or alternatively BMP-2 might not be able to signal over long distance within the embryo, as has been recently found for related factors in Xenopus embryos (Reilly and Melton, 1996) . In contrast however to the short range activity of BMP-2 to induce cardiac lineage markers, the blockade of somitic mesoderm marker expression appeared to occur over several hundreds of microns. At present we do not have an explanation for this different mode of action. However, cardiac induction might differ from the blockade of paraxial mesoderm differentiation in the sensitivity to BMP-2 concentrations (Tonegawa et al., 1997) .
BMP-2 blocks somite formation and inhibits the expression of paraxial marker genes
BMP-2 impaired paraxial mesoderm differentiation and in some cases resulted also in perturbed somite formation. Expression of early markers of paraxial mesoderm, such as paraxis and cFKH-1 were completely blocked in the presence of BMP-2. Similarly expression of PAX-3 which normally is present in the dorsal half of the newly formed somite was lost after BMP-2 implantation. Based on the expression pattern presented here BMP-2 is expressed within the primitive streak and the expression is gradually lost in an anterior to posterior direction. Loss of expression of BMP-2 from the primitive streak thus correlates with the beginning of somite formation suggesting that loss of BMP-2 expression may trigger epithelialization of paraxial mesoderm. Recent experiments demonstrated that BMP-4 is expressed in lateral plate mesoderm and may be involved in mediolateral patterning of the somite (Pourquie et al., 1996) . High concentrations of BMP-4 led to a complete loss of paraxial mesoderm identity and resulted in the expression of markers for lateral plate mesoderm (Tonegawa et al., 1997) . It is generally accepted that both BMP-2 and BMP-4 act as ventralizing factors in amphibian mesoderm induction and override dorsalizing signals (Graff et al., 1994; Clement et al., 1995) . The suppression of dorsal (paraxial) mesoderm differentiation observed here, thus is consistent with the function of BMP-2/4 in dorsal-ventral patterning of the early embryo (Graff, 1997) .
Future experiments will attempt to block BMP-2 signaling within the heart field and to identify the receptors and downstream signal cascades mediating the BMP-2 cardiogenic signal. It will be interesting to define the role of other candidates involved in cardiogenic induction, such as FGFs, wnts, or Cerberus. These studies will help define the full complement of cardiac inducing signals acting in vertebrate heart formation.
Materials and methods
Cloning of BMP family members by RT-PCR screening
Anterior halves of HH stage 4-5 chicken embryos were dissected, solubilized in lysis buffer and stored at −80°C. Subsequently total RNA was isolated as previously described (Schultheiss et al., 1995) . cDNA was synthesized from DNAse treated total RNA using AMV reverse transcriptase. PCR was performed using degenerated primers 5′-TGGAATTCTGG(ACG)A(ACGT)GA(CT)TGGAT(A-CT)(AG)GC-3′ and 5′-GAGGATC CA(AG)(ACGT)GT(C-T)TG(ACGT)AC(AGT)AT(ACGT)GC(AG)TG-3′ which were previously used to isolate dorsalin (Basler et al., 1993) . The PCR products were subcloned into T-vector (Promega, Heidelberg) and the clones were sequenced using Sequenase 2.0 kit (Amersham-Buchler, Braunschweig). A total of 50 clones were screened. In order to obtain probes for whole mount in situ hybridization a chicken HH stage 18 cDNA lambda Zap II library, kindly provided by Dr. Michael Kessel, Göttingen, was screened with selected PCR products. Probes for BMP-2 and BMP-7 which were not obtained in the cDNA screening were subsequently generated by RT-PCR using primers 5′-TAATGAG-GAGTCTGTCACC-3′ and 5′-TGTATTTGTGGCGCT-TACGC-3′ for BMP-2, and 5′-AATCCACAGACAA-ACCTTGG-3′ and 5′-ACAGCCGCATGCTCGTACC-3′ for BMP-7.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as previously described . Chicken embryos were staged according to Hamburger and Hamilton (1951) Nkx2-5  19  16  0  1  2  ----GATA-4  20  9  0  1  10  ----cNkx2-8  4  0  0  3  1  ----VMHC-1  4  0  0  4  0  ----Paraxis  10  ----8  0  0  2  Pax-3  9  ----5  0  0  4  cfkh-1  4  ----3  0  1  0 and fixed overnight in buffered 4% paraformaldehyde. Subsequently embryos were dehydrated by increasing concentrations of methanol. Antisense probes were synthesized using linearized plasmids in the presence of digoxigeninlabeled UTP with either T3, or T7 polymerase and detected with anti-digoxigenin alkaline phosphatase antibody (Boehringer Mannheim). Color reaction was performed with 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate (Boehringer Mannheim). After the color reaction was complete, embryos were washed in PBT and refixed in buffered 4% paraformaldehyde.
The following probes were used: a 460 bp fragment of the divergent propeptide domain of BMP-2 was amplified by RT-PCR from HH stage 4 chicken embryonic cDNA. The identity of the fragment was confirmed by sequencing. The cNkx2-5 probe was a 550 bp fragment encoding homeobox and the NK2 domain (Buchberger et al., 1996) . The cGATA-4 probe was a 750 bp cDNA fragment of the zinc finger region. (Laverriere et al., 1994) . The VMHC-1 probe was a 2.7 kb fragment of the 3′ end of the cDNA (Bisaha and Bader, 1991) . The Pax-3 probe was a 660 bp cDNA fragment (Bober et al., 1994) . The chick paraxis probe was a 1.4 kb full length cDNA (Sosic et al., 1997) . The cFKH-1 probe was a 1.8 kb full length cDNA (Buchberger et al., unpublished data) .
Embryos to be sectioned were infiltrated overnight in 15% sucrose in PBS at 4°C and then embedded in 15% sucrose/7.5% gelatin in PBS. After the gelatin had set, blocks were trimmed, frozen in isopentane cooled on dry ice, and sectioned using a cryostat. Whole mount embryos were photographed through a Leica M10 photomicroscope on 1% agar plates and on a Zeiss Axiomat with Nomarski optics for sectioned material using Kodak T64 films.
BMP-2 cell implantation
The human BMP-2 (hBMP-2) coding region was inserted into the replication defective retroviral vector pCRNCM either in sense, or antisense orientation, yielding plasmids hBMP-2/pCRNCM and Control/pCRNCM, respectively. Both vectors were stably transfected into Q2bn cells as described previously (Duprez et al., 1996) . BMP-2 cells produced biological active BMP-2 while control cells did not as previously demonstrated (Duprez et al., 1996) . Cells were grown in a 1:1 mixture of Dulbecco's modified Eagle medium (DMEM) and Ham's F12, 8% (v/v) fetal calf serum, 2% chicken serum and 800 mg ml − 1 G418.
To produce spherical cell aggregates for implantation hBMP-2 and control Q2bn cells were grown to approximately 90% confluence in 90 mm culture dishes and were lightly trypsinized, seeded into a bacteriological Petri dishes and incubated overnight in medium lacking G418. Under these conditions the cells formed aggregates of different sizes which were selected for implantation under the stereo microscope.
White Leghorn eggs (Lohman, Cuxhafen) were incubated until they reached HH stage 4. Embryos were placed in New culture (New, 1955) and quail cells were implanted into the embryo by making a small slit into the endoderm with tungsten needles. In some embryos both BMP-2 cells and control cells were implanted at contralateral positions. Embryos were cultured until they reached HH stage 8-11. Embryos were fixed in buffered 4% paraformaldehyde and subjected to whole mount in situ hybridization as described above. For the implantation close to paraxial mesoderm embryos at HH stage 5-6 were used.
